Since we observed that after purification the receptor kinase activity is rapidly lost under conditions where insulin binding function seems to be preserved, we have studied the cause(s) of receptor kinase inactivation. Highly purified placental insulin receptor preparations were analyzed by NaDodSO4/PAGE followed by silver staining or immunostaining using domain-specific antibodies raised against synthetic peptides corresponding to the amino acid sequences of the 13 subunit. These studies revealed (i) the intact 90-kDa .3 subunit is degraded first to an 88-kDa form and then to a 50-kDa 813-subunit form by proteolysis even after purification when stored at 40C. (ii) The 88-kDa /3 subunit, which lacks the carboxyl-terminal m%2-kDa portion exhibits almost no autophosphorylation activity, nor does insulin stimulate autophosphorylation. (iii) The loss of kinase activity as measured by phosphorylation of the src-related peptide is correlated with the loss of the intact 90-kDa (3 subunit. (iv) Degradation of the ,B subunit to the 50-kDa form seems to be facilitated by the removal of the -2-kDa peptide. Present studies thus suggest that only the intact form of the (3 subunit has full kinase activity in an insulin-dependent manner and that other forms, such as the 88-kDa ,3 subunit show little kinase activity. The inactivation appears to arise from a conformational change of the 90-kDa form, which makes it susceptible to proteolysis at the carboxylterminal end. These results imply that the carboxyl-terminal of the (3 subunit is important for the manifestation of the tyrosine kinase activity of the insulin receptor.
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The insulin receptor is a membrane glycoprotein of =300 kDa, which is composed of two a subunits (125 kDa) and two A3 subunits (90 kDa) in a /-a-a-,B form (1) (2) (3) (4) . Recent cloning of the human insulin receptor cDNA revealed its entire amino acid sequence (5, 6) . The a subunit and the amino-terminal portion of the /3 subunit are in the extracellular domain, whereas the carboxyl-terminal two-thirds of the ,B subunit is located in the cytoplasm. The cytoplasmic domain shows amino acid sequence homology to oncogene tyrosine kinases, indicating that it is a tyrosine-specific protein kinase (5, 6) . Insulin binding to the extracellular domain, mainly to the a subunit, results in activation of the kinase in the cytoplasmic domain ofthe ( subunit (7) (8) (9) (10) (11) . This A-subunit kinase activation is as yet the earliest measurable response to insulin, but its physiological significance is unclear (12) .
We have been purifying and characterizing the human placental insulin receptor with high insulin binding and kinase activities for the last 4 years (9, (13) (14) (15) . We have repeatedly observed that the ratio of tyrosine-specific protein kinase activity to insulin binding activity varies among the purified receptor preparations. Analyses of these receptor preparations revealed that (i) the kinase activity is quite labile and susceptible to proteolytic degradation; (ii) the binding activity remains stable; (iii) proteolytically degraded insulin receptor a2(/3l)2 does not phosphorylate exogenous substrates.
Therefore, we proposed that the protease-sensitive region of the ,8 subunit (P3j) is important for kinase activity (16) . Others have also observed that exogenous proteases such as elastase and crude collagenase preferentially digest the 13 subunit, resulting in the loss of kinase activity, whereas the a subunit remains undigested (17, 18) .
In the present study, we have analyzed the changes in the kinase activity of the purified insulin receptor preparations during storage in relation to the p-subunit structure. We find that protease activity, which is closely associated with our purified receptor, is responsible for the selective degradation of the P3 subunit. We propose that kinase inactivation may be facilitated by selective proteolysis at the carboxyl-terminal region of the P subunit.
MATERIALS AND METHODS
Materials. Antibodies against synthetic peptides corresponding to residues 953-965 and 1327-1343 were raised in rabbits (unpublished data). The IgG fraction of rabbit antiinsulin receptor antibody (39E) was prepared as described (19) . 251I-labeled protein A was prepared according to the method of Dorval et al. (20) . Crystalline porcine insulin was kindly supplied by Eli Lilly. A synthetic peptide resembling the tyrosyl phosphorylation site of pp60src(Arg-Arg-LeuIle-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly) was purchased from Peninsula Laboratories (San Carlos, CA). Na-benzoyl-L-arginine ethyl ester (BAEE) was obtained from Sigma and molecular size markers were from Bio-Rad. [y32P]ATP and 125I-labeled insulin were from New England Nuclear. All other chemicals used were reagent grade.
Purification of the Insulin Receptor. Insulin receptor was purified 2400-fold with a yield of 40% from human placental membranes by sequential affinity chromatography on wheat germ agglutinin-and insulin-Sepharose as described (13) .
Autophosphorylation and NaDodSO4/PAGE Analysis. The purified insulin receptor (0.1 ug) was preincubated with or without 1 ,uM insulin at 25°C for 1 hr. (12 ,ul) were applied to a 7.5% NaDodSO4/polyacrylamide minigel (Bio-Rad), electrophoresed according to Laemmli (21) , and electrophoretically transferred to a nitrocellulose sheet (23) . The rest (3,ul) of the receptor preparations were subjected to NaDodSO4/PAGE and stained with silver (22) . The nitrocellulose sheets were incubated successively with antibodies and 251I-labeled protein A and autoradiographed. RESULTS NaDodSO4/PAGE Analyses of Highly Purified Insulin Receptor Preparations after Storage at 4C. In the course of our studies using highly purified insulin receptor preparations, we noticed that the tyrosine-specific protein kinase activity is labile and readily lost during storage at 4°C. To investigate the mechanism(s) of this inactivation, we studied seven different receptor preparations and their autophosphorylation activities by NaDodSO4/PAGE, silver staining, and autoradiography. Each preparation was purified by the same procedure and stored at 4°C for various periods of time.
The silver-stained NaDodSO4/polyacrylamide gel ( (i) The -1-wk-old receptor preparations (e, f, and g) contained intact a (125 kDa) and / (90 kDa) subunits. The/8 subunit showed substantial "basal state" autophosphorylation, which was stimulated -5-fold by the addition of insulin.
(ii) The 25-day-old preparation d contained intact a and subunits. Phosphorylation of the / subunit was reduced compared to that of the 1-wk-old preparation, and its stimulation by insulin was only =l.5-fold.
(iii) The 32-day-old preparation c contained a and 83 subunits as major components, although the mobility of the P subunit was slightly faster than that of the fresher preparations (e, f, and g). In this preparation, the l31 subunit and an additional protein bandwith slightly smaller molecular mass than the a subunit were clearly observed, indicating that the receptor is partially degraded. The phosphorylation of the / subunit was nearly zero, as compared to that of fresher preparations (Fig.1B) . Extended autoradiography revealed very weak phosphorylation of the P subunit, which accounted for <2% of that of the 1-wk-old preparation (Fig. 1C) AuM insulin and subjected to NaDodSO4/PAGE under reducing conditions. The gel was stained with silver (A), dried, and exposed to Kodak XAR-5 film for 7 hr (B) or 18 hr (C) at -700C with an intensifying screen.
clearly detected (Fig.LA) . In these preparations, phosphorylation of the /3 subunit was completely abolished (Fig. 1 incorporation of phosphate to the src-related peptide, was lost (Table 1) . In contrast, the insulin binding activity was retained after 46 days of storage (Table 1) or even after prolonged storage (data not shown). Structural Analysis of the 88-kDa f Subunit. In some experiments, we have observed that following NaDodSO4/ PAGE and silver staining the p subunit resolves into double bands of 90 and "'z88 kDa; however, the same gels when analyzed by autoradiography reveal that only the 90-kDa band is autophosphorylated. We have used rabbit antisera raised against the synthetic peptides corresponding to 16 amino acid residues of the 1-subunit carboxyl terminus (residues 1327-1343) and 13 amino acid residues between the transmembrane domain and the kinase domain (residues 953-965) to examine the nature of the 88-kDa form.
Two different insulin receptor preparations (lanes 1, 3, 5, 7, and 9 as one set and lanes 2, 4, 6, 8, and 10 as another set in Fig. 2 ) were applied to NaDodSO4/PAGE gels under reducing conditions. One gel was stained with silver (lanes 1 and 2), and the others were blotted onto nitrocellulose filters for immunoreaction with the rabbit anti-insulin receptor peptide antisera. subunit. These two nitrocellulose filters were again incubated with anti-whole insulin receptor antibody (39E) to visualize all insulin receptor-protein bands (lanes 5, 6, 9, and 10). These results indicate that the 88-kDa protein band is the p subunit, which has lost the carboxyl-terminal -2-kDa peptide.
When specific kinase activities of the two receptor preparations were compared by using the src-related peptide as substrate, the receptor preparation that contained only the 90-kDa p subunit had a specific activity for Pi incorporation of 5800 pmol min-l.mg 1, whereas the preparation containing much less 90-kDa p subunit and an additional 88-kDa p subunit had a specific activity of 740 pmol-min-1mg-1 in the labeled insulin (-20,000 cpm, 0.2 ug) at 40C for 16 hr followed by polyethylene glycol precipitation as described (13) . An average of the day 0 values was 10.6 + 1.6 fmol bound per ML (n = 6). ND, not done. absence of insulin. Insulin stimulated phosphorylation of the peptide 4-fold in each preparation. The 8-fold difference in the specific activities appears to correlate with the amount of the intact p subunit found in these two receptor preparations. These results are consistent with our observation that the 88-kDa p subunit exhibits almost no autophosphorylation activity ( Fig. 1) and suggest that the p subunit has to be in the 90-kDa form to be an active protein kinase.
DISCUSSION
The results show that even highly purified insulin receptor preparations are unstable and degraded when stored at 4TC. Insulin receptor kinase activity is rapidly lost, whereas insulin binding remains active even though the a subunit is partially degraded. At the time when we purified the receptor 4 years ago (13), we checked the stability of insulin binding activity of the purified receptor; the activity was found to be stable at 4TC for months, so we have stored purified receptor preparations at 4TC. When tyrosine-specific protein kinase activity was found to be associated with the purified receptor (9, 14), we started analyzing its kinase activity and soon realized that the kinase is labile. The cause of receptor kinase inactivation was therefore analyzed.
Present studies revealed that intact a and p subunits are degraded upon storage at 4TC by proteolysis and that the receptor kinase is particularly vulnerable to proteolysis. The loss of kinase activity is closely paralleled by the susceptibility of the p subunit to cleavage by "receptor-associated" protease(s). Both basal and insulin-stimulated phosphorylation of the p subunit and the src-related peptide are markedly reduced after the removal of the ;2-kDa peptide from its carboxyl terminus (step 1). The kinase domain, which we called Ps in a previous report (16) , seems to become more susceptible to the protease and readily degraded to the /3i form after the removal of the -2-kDa peptide from the p carboxyl terminus (step 2).
The step 1 inactivation seems to lead to major loss of the kinase activity. An intact kinase-active p subunit, after being specifically digested at the carboxyl-terminal region, may simply become an inactive-kinase of 88 kDa. Alternatively, the active 90-kDa subunit in a native stressed form (S) may first become a partially inactive relaxed (R') form, which is more susceptible to specific proteolysis resulting in degradation to the 88-kDa form [more relaxed (R) form]. As shown in the 25-day preparation d in Fig. 1 , we have observed a 90-kDa p subunit whose phosphorylation was reduced to -20% as compared to that of the 1-wk-old preparation. Its stimulation by insulin was only z1.5-fold. This form of the p subunit may represent the intermediate relaxed form (R'). The step 2 inactivation could be caused by further conformational changes induced in the kinase domain by selective proteolysis. The mechanism of the insulin receptor kinase inactivation is schematically presented in Fig. 3 . It seems that step 2 directly follows step 1, since we do not observe intermediate forms between the R form and i1 form.
The selective proteolysis at the carboxyl-terminal region of the p subunit accompanying inactivation of the kinase observed in purified insulin receptor preparations suggests that this region may be important for kinase activity. It is of interest to note that the carboxyl-terminal sequences of several cellular tyrosine protein kinases such as c-src, c-fms, and epidermal growth factor receptor are deleted in the retroviral oncogene counterparts, v-src, v-fms, and v-erbB, respectively (24, 25) . It has been suggested that absence of the carboxyl-terminal segment may make these retroviral tyrosine protein kinases constitutively activated. Thus, it appears that in addition to ligands the carboxyl-terminal region of these receptors may have a critical role in regulating tyrosine protein kinase activity. (lanes 1, 3, 5 , 7, and 9 as one set and lanes 2, 4, 6, 8, and 10 as another set) were applied to NaDodSO4/polyacrylamide gels under reducing conditions. One gel was stained with silver (lanes 1 and 2), and the others were transferred to nitrocellulose filters followed by immunoreaction with antibodies (lanes 3-10). The bands that reacted with antibodies were visualized by incubating with 1251I-labeled protein A and autoradiography. One filter was first incubated with an anti-,8 carboxyl terminus (1327-1343) (lanes 3 and 4) followed by reaction with an anti-insulin receptor antibody 39E (lanes 5 and 6). Another filter was first incubated with an anti-(953-965) antibody (lanes 7 and 8) followed by reaction with an anti-insulin receptor antibody 39E (lanes 9 and 10). Amounts of the receptor loaded are as follows: lane 1, 100 ng; lane 2, 50 ng; lanes 3 and 5, 400 ng; lanes 4 and 6, 200 ng; lanes 7 and 9, 300 ng; lanes 8 and 10, 200 ng.
The susceptibility of the kinase activity is most likely due to its rather flexible structure in the cytoplasmic kinase domain, which has been predicted from the primary structure of the insulin receptor (5, 6) . Furthermore, significant differences were observed between insulin binding and kinase activities after proteolysis on the native receptor; the binding activity remains stable, whereas the kinase activity is unstable, which is consistent with the speculation that the tertiary structure of the a subunit is more rigidly held by disulfide bonds than that of the kinase domain of the /8 subunit (5, 6).
The proteolytic activity that appears to be responsible for inactivation of the insulin receptor kinase is associated with our highly purified insulin receptor. It is tempting to speculate that the activity found to be associated with highly purified insulin receptor might have physiological significance, since an insulin-like effect oftrypsin has been reported (26) (27) (28) . An involvement of proteolytic activity in insulin action has also been suggested, since insulin seems to generate peptide mediators of 1-3 kDa by binding to the receptors in plasma membranes (29) (30) (31) (32) .
Tamura et al. studied the effect of trypsin on the phosphorylation ofinsulin receptor p subunit (33) and showed that trypsin treatment of partially purified insulin receptor preparations from rat adipocytes stimulated phosphorylation of the receptor subunits and an exogenous substrate in a manner similar to activation by insulin. The insulin-stimulated phosphorylation of the 8 subunit was selectively inhibited by the presence of Na-p-tosyl-L-arginine methyl ester or BAEE, which is an arginine substrate for trypsin (34) . The same results have also been obtained using our purified receptor (33, 34) . These studies have suggested that a trypsin-like (arginine specific) protease may play a role in activating the insulin receptor kinase.
To examine whether the proteolytic activity associated with the receptor is trypsin-like, the insulin receptor was purified in the presence or absence of 2 mM BAEE from the same placental membrane preparations. The receptor prepared in the presence of BAEE showed -4 times higher A.
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The 0 subunit; daltons 90,000--. autophosphorylation activity than the receptor prepared in the absence ofBAEE, suggesting that BAEE can protect the kinase activity of the insulin receptor during purification from possible attack by trypsin-like enzymes. However, after removal of the reagent, the receptor can be digested in a manner similar to the receptor purified in the absence of BAEE when stored at 4TC, indicating that the proteolytic activity is copurified in both cases (unpublished observations). The primary sequence of the human placental insulin receptor has been deduced from its cDNA sequence (5, 6) . However, amino acid sequence homologies for the active site of trypsin are not apparent in the insulin receptor, indicating that the trypsin-like activity is not likely to be derived from within the insulin receptor sequence. The proteolytic activity we have described was copurified through the insulinSepharose affinity chromatography step. This occurred in spite of extensive washing of the receptors bound to the column with a buffer containing 1 M NaCl. Nonetheless, we cannot yet conclude that the proteolytic activity is specific for the 13 subunit of the receptor in vivo, and we cannot rule out that the activity is due to a contaminant in the preparation. The proteolytic degradation ofthe receptor subunits and the loss of kinase activity can be minimized by storing the purified receptor at -70TC. Our attempts to find specific inhibitors to protect the A-subunit degradation, thus far, have not been successful.
Present studies establish the importance of the carboxylterminal region of the A subunit in terms of stability of the A-subunit structure and its kinase activity. Its susceptibility for proteases not only provides biochemical evidence for the structure-activity relationships described in this article but also suggests that the 88-kDa form of the p subunit could be artificially produced during preparation of the receptor kinase.
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